A deformation analysis of a liquid-filled spherical microcapsule indented by a sharp truncated-cone indenter was conducted, in which a circumferential wrinkling model was introduced in the dimpled region near the indenter tip. The initial stretch of the membrane of an alginate-poly(L)lysine-alginate microcapsule was determined by fitting the calculated and measured force-displacement curves. In the fitting procedure, the effect of the membrane permeability in the experiment on the force-displacement curve was taken into account. The calculated deformed shape of the indented microcapsule was almost identical to the experimentally observed one. The influences of the initial stretch on the force-displacement relationship, transmural pressure-displacement relationship, and deformation shape before membrane rupture due to the indenter-tip piercing were demonstrated. The importance of taking the initial stretch into account in the mechanical characterization of microcapsules or cells was shown.
close to or larger than the membrane thickness, the microcapsule should be treated as a shell structure with an internal pressurized fluid. The mechanical modeling of the microcapsule deformation allows for the extraction of mechanical properties by, for example, curve-fitting between the experimental and the theoretical force-displacement relationships. Based on this method, mechanical characterizations have been performed for the compression of a microcapsule or spherical cell using rigid large parallel plates (8) (9) (10) (11) .
We produced alginate-poly(L)lysine-alginate (APA) microcapsules following the method of Okada (12) , and their mechanical characterization was necessary. The Young's modulus of the membrane was determined by applying Hertz contact theory (4) to the results of the indentation test using AFM (13) . It has been reported that the initial stretch of a membrane due to an osmotic pressure is an important factor affecting the deformation behavior of a microcapsule (11, 14) . We performed an indentation test for an APA microcapsule using a sharp indenter, inducing a much larger deformation than the order of the membrane thickness. The mechanical modeling of such a deformation makes it possible to determine the initial stretch. The mechanical modeling of the large deformation of a spherical membrane indented by a sharp indenter has been reported by several researchers (15) (16) (17) (18) (19) (20) (21) .
In the present study, we introduce a mechanical deformation model that includes circumferential wrinkling in the dimpled region near the indenter tip, which was measured in the experiments (22, 23) . The initial stretch of the microcapsule membrane is determined by comparing the calculated force-displacement relationship with the experimental one. The effects of the initial stretch on the indentation force, transmural pressure, and deformation shape are shown, suggesting the importance of taking into account the initial stretch in the mechanical characterization of microcapsules or cells. APA microcapsules with diameters of 200-300 µm were produced. The Young's modulus of the membrane E was determined by applying Hertz contact theory (4) to the results of the indentation test using AFM. A value of 1.9 E  MPa was obtained for an assumed Poisson's ratio v of 0.5 (13) . A micromanipulator system (MMS-77, Shimadzu Corp.) was used for the present indentation test. As shown in Fig.1 , a microcapsule was placed between an indenter and a flat silicon substrate. The indenter, which was made from optical fiber and was rigid, was connected to a manipulator arm. The indenter had a sharp truncated-cone tip with a diameter of approximately 7 µm. The silicon substrate was fixed to a cantilever, which in turn was connected to a manipulator arm. In the indentation, the upper manipulator in Fig. 1 was driven downward (loading) and then upward (unloading) at a speed of approximately 5 μm/s. The microcapsule was immersed in a saline solution during indentation. The indentation was performed within a dimensionless displacement of the indenter of approximately 30% based on a microcapsule's initial diameter to prevent the indenter tip from piercing the membrane. The displacement of the indenter and the deformed shape of the microcapsule were measured using a CCD camera (CCD-IRIS, Sony Corp.) through an inverted microscope (IX-70, Olympus Corp.). The force applied to the microcapsule was determined from the product of the cantilever deflection and stiffness. The microcapsule used in the experiment for comparison with the numerical calculation was 226 µm in diameter and 7.75 µm in thickness.
Experiment

Theoretical analysis
The microcapsule is assumed to initially be a sphere of diameter 0 d and thickness h with initial stretch i  , denoting the initial expansion of the microcapsule from the diameter of 0 / i d  as a result of an osmotic pressure. The microcapsule is indented by a sharp truncated-cone indenter at the pole toward the center of the sphere, which is supported by a flat plate. The deformed shape is assumed to be axisymmetric. The meridional shapes of the microcapsule before and during indentation are shown in The static equilibrium equations of the forces for an axisymmetric membrane with negligible bending stiffness in the meridional tangential and normal directions are, respectively, expressed by (24) 1 ( ) 0 The following equation is then obtained from Eqs. (1), (2) and (4).
where 1 C and 1 D are constants and T is a uniform tension.
A point-force indentation of a pressurized elastic sphere was analyzed based on a finite deformation membrane theory by Vella et al. (21) One difference between their study and ours is that they did not take into account the existence of a flat plate opposite to the indenter side. Instead, they imposed the boundary condition that s T T   at an infinite distance from the indenter. The calculated dimensionless force-displacement curve was in good agreement with experimental results using an inflated rubber ball. The infinitely far region approximately corresponds to the no-contact zone outside the dimpled region in our study, which supports the approximation validity of s T T   .
When a pressurized spherical elastic membrane is indented by point loading, a large number of circumferential wrinkles are measured in the annular dimpled region (22, 23) . By using Eqs. (5)- (10) and the equation derived by equaling Eqs. (11) and (12), we obtain 
The volume enclosed by the microcapsule membrane is assumed to be constant during deformation under the assumptions that the encapsulated fluid is an incompressible liquid and the permeability of the membrane is neglected. This condition is satisfied by where and r z n n are the r-and z-components, respectively, of the outward normal unit vector to the membrane surface, and
is the initial volume. Eq. (17) is derived by applying the Gauss divergence theorem to the volumetric integral of (  x)/3, where x is a position vector.
The area strain of the membrane a  is defined as
is the membrane area before expansion by an osmotic pressure, and A is the membrane area calculated by The tension T is approximately calculated using the area strain a  and the area elastic modulus K as follows.
a T K 
This approximation is supported by the fact that the dimpled area is small compared with the total surface area of the microcapsule. The area elastic modulus K is calculated by (25) An outline of the calculation procedure is as follows: [ 
Results and discussion
To verify our analysis for a limiting case, the initial transmural pressure , tr i p inducing an initial stretch i  was calculated for a very small indentation force (F = 0.1 µN). The deformation of the microcapsule is small, and hence, the microcapsule can be approximated as a sphere. The analytical solution of the initial transmural pressure corresponding to the initial stretch for a sphere is given by ( The calculated relationship between the indentation force and the dimensionless displacement is shown by the solid line in Fig. 4 . The curve is reversible for the loading and unloading processes. The open and black circles (corresponding to the loading and unloading processes, respectively) in the figure show the results obtained by the experiment. The measured hysteresis is caused by permeation of the fluid through the membrane of the APA microcapsule (13) . The force-displacement curve changes depending on the initial stretch i  . The value of the initial stretch can be determined by fitting the calculated results to the experimental ones. The other mechanical factors that influence the force-displacement relationship are the Young's modulus and Poisson's ratio of the microcapsule membrane. However, Young's modulus was determined using an AFM-based method and Poisson's ratio was assumed to be 0.5. Therefore, in the present study, the mechanical parameter to be determined was the initial stretch. The value of the initial stretch was determined to be 1.025. Thus, the calculated force-displacement curve in the small and medium displacement regions coincided with the measured results in the loading process. This is because when a microcapsule is compressed by indentation, the pressurized internal fluid permeates out from the microcapsule, which causes the indentation force to become smaller than that for a membrane without permeation in the loading and subsequent unloading processes. The decrease in the force as a result of membrane permeability was reported by Wang et al. (11) , wherein a microcapsule was compressed by rigid parallel plates. When the initial stretch is predicted, the initial transmural pressure can be obtained using Eq. (23) . The initial transmural pressure is attributed to the osmotic pressure of a microcapsule, which is difficult to measure experimentally because of the small scale of a microcapsule. . In the image on the right-hand side, the calculated broken line is shifted slightly leftward from the original location for ease of comparison. Figure 5 shows that the calculated and experimentally visualized shapes are almost identical but the calculated shape is slightly shorter in height and slightly fatter than the measured shape. up to a dimensionless displacement of 0.3 because, in the experiment, membrane rupture due to indenter tip piercing was observed when the dimensionless displacement exceeded approximately 0.3. The deformation is similar to the before-piercing microinjection process using a micropipette in the field of cell handling. Therefore, the present study can be used to estimate the force based on the deformed shape of a cell in microinjection.
The change in the force-displacement curve due to the change in the initial stretch is shown in Fig. 7 , where the initial stretch is varied from 1.005 to 1.045. Each curve is drawn up to the membrane rupture. The criterion for membrane rupture is defined as follows. According to Eq. (8), the membrane tension in the dimpled region increases toward the indenter and reaches a maximum value 4 s T at the indenter edge (point 4 in Fig. 2 ), which suggests that the membrane ruptures there. First, . The microcapsule becomes stiffer when the initial stretch increases, which results in an increase in the indentation force, as shown in Fig. 7 .
The transmural pressure tr p increases with the increasing indentation depth, as shown in Fig. 8 , in which each curve is drawn up to the membrane rupture. The increasing ratio of tr p with the increase in the displacement is small for the compression by the sharp indenter, compared to the case for the compression by a flat plate (26) . This fact partially supports the validity of the assumption that the initial transmural pressure is constant during a point-force indentation for a spherical shell (21) . Figure 9 shows the influence of the initial stretch on the deformed shape of the microcapsule. These shapes are compared under the same indentation force of 50.1 µN. This value was chosen so that all the microcapsules shown in Fig. 9 are within the membrane rupture limit. It is noted that a microcapsule with a large initial stretch has a large resistance against deformation.
Conclusions
A mechanical modeling of a microcapsule indented by a sharp indenter was proposed. The increase in the tension toward the indenter tip in the microcapsule's dimpled region was expressed using a circumferentially wrinkled model. The relationship between the indentation force and the displacement was calculated; this relationship is usually used to extract the mechanical properties of a microcapsule. A criterion for membrane rupture as a result of the piercing of the indenter tip was suggested. Although the proposed method used an approximation in the determination of the membrane tension, it was shown to be simple and practical. A comparison of the calculated results with the experimental ones demonstrated the effectiveness of the present method. The initial stretch of the membrane of an alginate-poly(L)lysine-alginate microcapsule was determined, because Young's modulus, which is the other important mechanical property, was obtained using an AFM-based method in a previous study. The osmotic pressure of the microcapsule could be estimated from the initial stretch. The importance of the influence of the initial stretch on the mechanical characterization of microcapsules was demonstrated. Additionally, the present analysis can be used in biomedical applications because it is able to derive a similarity between the calculated deformation shape and the cell shape in the microinjection process.
